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Two-dimensional (2D) temperature measurements in engines are required for the detailed understand- 
ing of the combustion process. Because of the unsteady and turbulent nature of engine combustion, these 
measurements must be performed on a single-shot basis to obtain cycle-resolved results. Details of the 
flame front structure are also important to know for the numerical modeling of internal combustion pro- 
cesses. Simultaneous measurements of temperature and hydroxyl radical distributions provide such data 
sets. The combustion of methane in a fully transparent square piston engine was studied with a combination 
of 2D laser-induced fluorescence of hydroxyl radicals and 2D Rayleigh scattering. A tunable KrF excimer 
laser at 248 nm was used for the measurements. The wavelength of the laser was tuned to excite the P2(8) 
transition in the OH (3,0) band of the A-X system. Spectral filtering of the resulting fluorescence to detect 
solely the fluorescence from the (3,2) band significantly reduces the effect of collisional quenching imposed 
to the fluorescence of the predissociating v' = 3 level by vibrational energy transfer (VET) to lower 
vibrational levels. Using a second camera, which only records the Rayleigh signals after appropriate filter- 
ing, allows the simultaneous measurement of temperature fields with a single laser. The analysis of cor- 
responding OH and temperature images allowed the decision that the combustion conditions are in a 
regime where the flamelet approach for modeling is appropriate. Good agreement with model predictions 
has been achieved for the peak temperatures. 
Introduction 
While multidimensional laser sheet techniques 
gained increased popularity during the last years 
[1,2], there is still a challenge for further develop- 
ment of these techniques. One task will be to per- 
form more quantitative measurements, while an- 
other one will be to apply the techniques to 
environments not yet studied. Additionally, there 
will be increased interest in combining different 
techniques in the sense of quantitative measure- 
ments and in correlating different quantities, like 
temperature and nitric oxide or flow and concentra- 
tions, etc. Especially, nonintrusive measurements in 
engines are important for an improved understand- 
ing of fuel/air mixing [3-6]. Whereas combined mul- 
tidimensional measurements of different quantities 
in flames have been performed in a number of ob- 
jects [7,8], the applications for engines are not well 
established. Measuring two different quantities usu- 
ally requires two different wavelengths and, most of 
the time, two different lasers, e.g., for the simulta- 
neous measurement of fuel and OH concentration 
distributions [6]. However, if the excitation wave- 
length is the same for different molecules or differ- 
ent processes, spectral filtering of the signals can 
achieve two or more results from a single laser 
pulse, Using exciplex formation and laser-induced 
fluorescence, liquid and vapor phases can be distin- 
guished [9]. This is also possible with a combination 
of Mie scattering and laser-induced fluorescence 
[5]. Combining Rayleigh scattering and laser-in- 
duced fluorescence yields temperature and species 
concentrations [8]. This technique of simultaneous 
measurements of Rayleigh scattering and laser-in- 
duced fluorescence of hydroxyl radicals has now 
been applied to measurements in an engine simula- 
tor. Rayleigh measurements in engines were already 
used to measure mixture fractions [10], but no 
measurements during the combustion phase have 
been performed there. The combination of temper- 
ature and hydroxyl radical concentration measure- 
ments is very useful if details of the flame fronts 
have to be analyzed. For example, deviations from 
the assumptions of the flamelet model can be meas- 
ured with this technique [8]. 
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FIG. I. Schematic setup of the pneumatic SI engine simulator. An electronic circuit controls the timing of the piston 
movement (PC: pneumatic control; MV: magnetic valve). 
Experimental 
We investigated the combustion process in a fully 
transparent SI engine simulator [11]. The cylinder of 
this engine is built entirely out of quartz plates. The 
square piston has a cross section of 50 • 50 ram. 
The piston movement was controlled by a pneumatic 
pressure system, which was used to simulate engine 
speeds of approximately 500 rpm. The compression 
ratio was adjusted to 1:5 with a stroke of 80 ram. 
Cycle-resolved pressure traces were measured with 
a pressure transducer (Kistler). Methane/air mixtures 
were stored in a cylinder and were injected through 
a single valve that was also used as an exhaust valve. 
As Fig. 1 shows, the engine was operated in a hori- 
zontal arrangement. 
It is desirable to use short UV wavelengths for 
Rayleigh scattering since the Rayleigh signal in- 
creases with 1/24. For this reason, we used a tunable 
KrF excimer laser. The high pulse energy of this la- 
ser also allows the two-dimensional (2D) imaging of 
hydroxyl radicals. Because of the predissoeiation of 
the v' = 3 level, quenching has less influence on the 
signals, and the small Frank-Condon factor of the 
emission bands is partially compensated at elevated 
pressures as a result of less quenching losses but 
higher densities. If the (3,0) P2(8) transition of OH 
is excited at 248.456 nm, no temperature influence 
has to be taken into account to correct for changes 
in the population density given by the Boltzmann 
distribution. In the range 1300-3000 K, the fraction 
of molecules in iV" = 8 is constant within 10%. As 
has been pointed out several times [12-14], it is cru- 
cial to filter the fluorescence signals properly in or- 
der to avoid detection of fluorescence from v' < 3. 
These levels are populated via vibrational energy 
transfer (VET) and suffer from quenching. Thus, 
the measured signals would be sensitive to quench- 
ing. We used a bandpass filter with a center wave- 
length of 297 + 6 nm. This filter transmits the flu- 
orescence of the (3,2) vibrational band. Also 
important to obtain high signal levels is a camera 
lens with a large aperture. The achromatic lens sys- 
tems we used had an f# = 2, thus increasing the sig- 
nal strengths remarkably compared to the com- 
monly used systems. Since we were interested in 
measuring the OH distribution and the temperature 
fields simultaneously, we used a second camera to 
record Rayleigh scattering. Figure 2 shows the ex- 
perimental setup where the two cameras were 
mounted on the opposite sides of the engine. The 
Rayleigh signals had to be filtered from any fluores- 
cence light. We found it appropriate to use a mirror 
coated for 248 nm and a color glass filter (Schott 
UG 5). Careful alignment of the two cam- 
era/lens/filter systems is necessary to make sure that 
the same plane is monitored by both cameras. As 
shown in Fig. 2, the laser illuminates a horizontal 
plane in the engine. The beam was rotated with a 
Dove prism and collimated to a light sheet of less 
than 300/tm in thickness. It is crucial to make sure 
that the sheet is not thicker because, otherwise, im- 
portant details of the flame front, like superequili- 
brium concentrations of hydroxyl radicals [11], can- 
not be measured. The Bunsen burner shown in Fig. 
2 was used to control the proper tuning of the laser 
to the P2(8) transition by maximizing the OH-LIF 
signal from this flame using camera 3. Special care 
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FIG. 2. Experimental setup for simultaneous Rayleigh and LIF measurements in an SI engine simulator. A tunable 
KrF exeimer laser, tuned to the (3,0) P2(8) transition of hydroxyl radicals, was used for the measurements. 
had to be taken to avoid seattering of the laser beam 
at any surface of the experiment. A certain distance 
from the walls had to be maintained for the Ray- 
leigh measurements, whereas it was possible to fol- 
low the OH eoncentration up to the walls of the pis- 
ton and the cylinder. 
All signals were recorded with image-intensified 
charge-coupIed device (CCD) cameras (Proxitronie 
Nanocam ID with gate times of 50 ns. Using frame 
grabber boards (Matrox MVP AT), the signals were 
digitized and processed, as will be described later in 
this paper. It is important to mention that cameras 
of the type we used have a fixed time for light detec- 
tion given by the frame-transfer process. This frame 
transfer is set by the video frequency and cannot be 
altered. If signals are recorded at inappropriate 
times, the measured intensity is lower. For this rea- 
son, it is necessary to make sure either that images 
that are measured near frame transfers are rejected 
or that the experiment's timing is coupled to the 
frame-transfer frequency. Of course, this is not pos- 
sible for many experiments in engines. But for the 
engine we used, we could set an external trigger for 
the engine operation and then couple cameras, la- 
sers, and the engine to the frame-transfer process. 
Whereas the interpretation of the laser-induced 
fluorescence (LIF) data is more straightfmward to 
obtain information about thickness, curvature, and 
movement of the flame front, it is more eomplieated 
to analyze the t/ayleigh images. The only corrections 
that have been made for the OH images are for ir- 
regular laser beam profiles and absolute energy fluc- 
tuations. For the tlayleigh images, a series of correc- 
tions and calibration procedures has to be used 
before temperature fields are obtained, tlayleigh 
scattering is proportional to the total particle number 
N. Thus, by using the ideal gas assmnption, it is pro- 
portional to the pressure p and the cross section G, 
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and is inversely proportional to the temperature [Eq. 
(1)]. It is also proportional to the laser energy I0 and 
the probe volume V: 
RRay = VlopNG/RT. (1) 
However, the cross section for Rayleigh scattering is 
different for different molecules, and the total cross 
section is the sum of the cross section for each type 
of molecule in a mixture weighted with its mole frac- 
tion [15]. This means that if the gas composition 
changes, the cross section changes and makes it im- 
possible to obtain accurate temperature data without 
knowing the gas composition. Fortunately, for the 
methane/air mixtures investigated here, the variation 
in the total cross section between burnt and unburnt 
gases is smaller than 2% [8]. 
With this, the temperature at a point with coor- 
dinates (x,y) can be calculated from the measured 
Rayleigh intensity R (x, y) 
T(x,y) = TocRc(x,y)/R(x,y) (2) 
C = O'l larne/O'fuel. (3) 
Here, T O is a reference temperature, where a cali- 
bration signal Rc (x,y) is measured. If this signal is 
measured in ambient air, the calibration constant c 
takes into account that the cross section for air is 
different than that from the methane/air mixture. 
However, we chose another approach. We measured 
the reference signal with the methane/air in the en- 
gine at the crank angle where the measurements 
were taken, but without ignition. The temperature 
there can be calibrated against air/ambient pressure 
conditions, or it can be calculated adiabatically from 
thermodynamical data. This procedure has the ad- 
vantage that the dynamic range of the signals and the 
camera match much better. Since heating increases 
the pressure during fired cycles, at corresponding 
crank angles, the pressure ratio has to be taken 
into account during data analysis. Equation (2) trans- 
forms to 
T(x,y) = TocRc(x,y)/R(x,y)(P/Po)(I/Io). (4) 
Additional processing of the data is necessary to ob- 
tain temperatures. Any residual light that is scattered 
from surfaces distorts the measurements. To take this 
into account, images were taken where the engine 
was flooded with helium. The Rayleigh cross section 
of helium is almost negligible, and therefore, the re- 
maining measured intensity is scattered light. These 
images have to be subtracted from the measured 
Rayleigh images. Also, an image taken with the cam- 
era lens covered was taken and subtracted from all 
Rayleigh images. This background correction is nee- 
essary to exclude offsets of the digitizers and camera 
noise. Of course, all images with the exception of the 
latter one have to be normalized to the laser intensity 
profile. This profile is best determined by taking the 
reference image for normalization of all other im- 
ages. 
Results 
Temperature and hydroxyl radical distributions 
have been measured simultaneously with a single la- 
ser pulse in a fully transparent SI engine simulator 
for different stoichiometries. All images shown here 
are taken in a plane parallel to the piston movement 
in the middle of the combustion chamber. The 
mixtures were ignited with a spark plug always lo- 
cated on the right side of the images. Since the cross 
sections imaged by the two cameras have different 
sizes, the OH images were rescaled to match the size 
of the temperature images. This was done by care- 
fully comparing the image of a scale that was placed 
in the plane of the laser sheet. It is then possible to 
compare OH concentration fields with correspond- 
ing temperature fields. The image pairs of Fig. 3 
nicely demonstrate how temperature and hydroxyl 
radical concentration are coupled. Even details of the 
temperature field also can be recognized in the OH 
images. We did not attempt to calibrate our LIF im- 
ages to absolute values, but this could be done by 
comparing the measured signals from the engine 
simulator with signals obtained in a calibrated burner 
[16]. As was pointed out earlier [11], the laser sheet 
must be thinner than the flame front thickness to be 
able to resolve the flame front structure properly. 
Figure 4a shows one of the examples from Fig. 3 in 
an enlarged view, together with profiles along the 
white lines indicated in Fig. 4a. Entering the flame 
front from the unburnt gases, it is obvious that tem- 
perature is increasing before the OH concentration 
rises. From profiles like this, a (90-10%) flame front 
thickness was determined to be 300 + 100/ml. This 
value represents the smallest flame front thicknesses 
found in the images, indicating that here the flame 
front was illuminated perpendicularly by the light 
sheet. The flamelet assumption is only valid if tem- 
perature and hydroxyl radical concentrations are cor- 
related, as in laminar flames. The strong correlation 
found in our engine experiments confirms the valid- 
ity of the flamelet approach for the conditions stud- 
ied here. As expected, the spatial gap between tem- 
perature rise and OH concentration rise becomes 
less at higher pressures. Here, 300/zm were mea- 
sured at P = 5.3 bar, compared to 500-700/*m at 
atmospheric pressure flames [8]. Although we did 
not attempt to measure absolute OH concentrations, 
the relative concentration profiles indicate super- 
equilibrium values of hydroxyl radicals in the flame 
front, in agreement with previous measurements and 
modeling results [17]. This result is based on the fact 
that, in the exhaust gases, OH reaches equilibrium 
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FIG. 4. (a) Enlarged example from Fig, 3, The positions for the vertical profiles of Fig. 4b are indicated as white bars, 
(b) Profiles of OH concentration and temperature at ~ = 5 and 2 = 1,1. There is a clear separation between temperature 
rise and increasing OH concentration on both sides of the profiles, where the image also shows unburnt areas in contrast 
to the two temperature drops in the middle of the profile. 
values, so that the high concentrations in the flame 
front can be attributed to supereqnilibrium concen- 
trations. The peak temperatures measured are in 
agreement with the predicted peak temperatures of 
2300 K. If comparisons with modeling results are 
considered, not only single-pulse measurements are 
required for details of the combustion process, but 
also average temperature and concentration distri- 
butions are necessary. The presently used multidi- 
mensional codes for modeling combustion processes 
in engines always predict averaged data. To account 
for this demand, we calculated averaged temperature 
and hydroxyl radical concentrations. Figure 5a shows 
the averaged OH and temperature distribution for a 
lean mixture with 2 = 1.1 and a compression ratio 
of 1:5. The engine simulator was operated at con- 
ditions corresponding to 500 rpm. Tile averaged peak 
temperature data were determined to be 1790 K with 
a statistical variance of _+ 150 K, The estimated ac- 
curacy is 15% for our measuremems. For a mixture 
with ~l = 1.2, the averaged peak temperature is 
higher. Temperatures of 1990 K _+ 120 K were 
measured for these conditions. The average was cal- 
culated from 15 single-shot images, with averaging 
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FIG. 5. (a) Averaged hydroxyl radical concentration and temperature distribution for e = 5 and 2 = 1.1. The image 
is the average of 25 single-pulse measurements. (b) Profiles from tile averaged distributions of Fig. 5a. 
over a 56 • 56 matrix in areas of the highest tem- 
peratures. The positions of the profiles shown in Fig. 
5b are indicated in Fig. 5a. Major features of the 
flame front are given in both profiles. However, the 
spatial gap of the temperature and hydroxyl radical 
concentration rise in the flame front is larger than it 
is in the single-pulse measurements. If the coupling 
of both quantities has to be determined to decide 
about the validity of the flamelet concept for a given 
combustion process, single-pulse measurements are 
required. In the sense of obtaining ensemble average 
data for comparison with model predictions, it would 
be useful to acquire the data at fixed intervals for the, 
e.g., peak pressure. This procedure would reduce the 
influence of cyclic variability on the results. 
Conc lus ions  
We demonstrated that it is possible to use 2D Ray- 
leigh scattering for temperature measurements in an 
SI engine simulator. Moreover, within a single laser 
pulse, the temperature and hydroxyl radical concen- 
tration distribution were measured using a tunable 
KrF exeimer laser and two image-intensified CCD 
cameras. A significant dependence of the tempera- 
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ture on the mixture composition was measured, and 
from the analysis of OH and temperature profiles, 
the validity of" the flamelet assumption for the con- 
ditions under study has been confirmed. Modeling 
results from previous studies [17] are confirmed by 
our measurements. Averaged data have been calcu- 
lated to provide a data set for comparison with mul- 
tidimensional models, which usually predict aver- 
aged data [18]. 
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